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FOREWORD 

This investigation was performed for the Directorate of Military Construction, 
Office ol the Chiel ol Engineers (CK I ). under Project 4DM7280I2AOKI. ' Engineer 
ing Criteria for Design and Construction";  Task 02.   'Application Engineering''; 
Work Unit 102. ''Engineering Criteria tor Welds.-' The OCE Technical Monitor was 
I  A. Schwartz. 

I he investigation was performed by the Metallurgy Branch. Materials Systems 
and Science Division. l.S. Army Construction Engineering Research Laboratory 
it I HI). CERL personnel directly concerned with thi> study were K. W. Carlson and 
Dr. '... M. honig Jr. Mr. Carlson was responsible for the design and execution of all 
experiment* and lor the analyses ot data for most of the first and third phases of 
cvpertmentatkw. Dr. Honig was responsible for the remainder of the data analyses, 
the conclusions obtained and the composition ol this report. 

Dr. K. (Juattronc is Chief, Metallurgy Branch; I. J. Healv is Chief. Materials 
Systems and Science Division; COL M.D. Remus ^s Commander and Director of 
( ERE. aiul Dr. L. R. Shatter is Deputy Director. 
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EFFECTS OF CLUSTER POROSITY 
ON THE TENSILE PROPERTIES OF 
BUTT-WELDMENTS IN T-1 STEEL 

1 INTRODUCTION 

Problem. Murre is .. need In: accept a nee guide 
specifications tor welds based on actual mechanical 
hchavioi ot a structural weld in any given applica- 
tion. To this end it is necessary to relate weld discon- 
tinuity character sties—such as size, type, shape. 
location, orientation, and spacing—to mechanical 
properties of the weld. Such a relation is needed to 
replace the empirical approach currently used in 
most cases of specification for structural welds—an 
approach thai often results in over or under- 
designed welds. 

This problem relates to military construction in 
that Engineer Field Offices are responsible for 
verifying the product quality in construction pro- 
curement. Accurate acceptance standards are re- 
eiuir-d u» assure confidence in the structural 
integrit' of welded fabrications in the construction 
product. 

Objective. Various types ol weld delects »or discon- 
tinuities), such as cracks, porositv and inclusions. 
havi been shown directly responsible for premarure 
'»iittU I act u re of structural components. I'hc 
purpose «»I this viltd) was to evaluate the effect of 
cluster p*»rosity on the tensile properties ot II steel 
i'.cldmciits. Fracture mechanics relations, non- 
destructive tests, ami static tensile tests were used to 
predict the dependence of these tensile properties on 
cluster porositv si/c. 

1 his investigation provides a partial b isis I»»? the 
e\ dilation ot inspection criteria relating allowable 
detect paiameters to given levels of perlormanee. 

I liese criteria would fulfill part oi the needs stated 
a b« »\ i 

Historic«! Review. Pens* and Stout1 have recently 
reviewed the literature concerning the effects ot 
porosity MI welds. In that review it was noted that the 
earliest work performed by Baysinger and Rogerson 
concluded thai scattered porosity had no cflcct on 

•A  A   l\nse JIUI K. I>  Sl«mt.  'Influence «>l VV, d Iktvets .»n 
»",   Mechanic*!  Pmprrtie"    •!   Aluminum   Ali.»   VVcUtmeni*.*' 

tensile strength until the porosity became "exces- 
sive " It was also noted that their study did not 
report data on the exact amount of porosity encoun- 
tered, later, according to the review. Mattek and 
Mood ward attempted to correlate radiographic 
recordings ol porositv in 410 stainless steel castings 
with the tensiie properties of the castings. They con- 
cluded that the imperfections had little or no effei.t 
on the yield strength, so that porosity was not con 
sidered a limiting factor when designing on the basis 
of yield strength alone. 

Green. Hamad, and McCauley2 conducted 
studies of the effects of uniformly distributed poros- 
ity on the static and impact properties of a rnild steel. 
AISI 1020. Porosity levels were measured from face 
and side radiographs and directly from die fracture 
surfaces. However, the actual method of measuring 
the porosity and the range in pore size were not 
reported. The results indicated that ihere was little 
decrease in the tensile strength until the porosity 
density reiched about 7 percent. Specimens contain- 
in;» between 7 and 10 percent porosity exhibited con- 
siderable reduction and variation in strength. There- 
after, from 10 percent to the highest porosity level 
tested, the tensile strength did not decrease appreci- 
ably more. The measured average elongation 
decreased from an initial value of 20 percent in 
sound welds to approximately 18 percent at 7 per- 
cent porosity; beyond 10 percent porosity the effect 
Mas very large. The shape and distribution patterns 
ot the porosity were found to have no noticeable 
effect on the tensile properties. It was not mentioned 
how tlie porosity was measured or what the sizes of 
the pores were. 

Bradley and McCaulcy1 investigated the effects of 
uniform porositv on a quenched and tempered steel. 
II. The porosity levels were measured from side 
and face radiographs and directly from the fracture 
surfaces. Static and impact tests were conducted 
with porosity levels up t»» 2^- percent. It was found 
thai little change in tensile strength occurred until 
the porosity approached > percent. Between 5 and 10 
percent porosity there was some reduction in tensile 

•A i 11, cn. M h Ham«! and R B McCauley. The 
\ fleet» ot P.wi-sttv <u. Mild Sleet Welds." /*r Weidinit Jnurnui 
\.»l \~. N... 7. Research Supplement 11 •»*»*»>. pp Xfe-tttn 

'I W. Br.utle> and R B. McCauley. The Effects of Porosity 
in (.hi. «lied and tempered Steel."" Ihr WrUm*Journal. Vol 4.V 

R.-M  • !  Supplement (|%4). pp 40hV414s. 



strength ami variability to the data; lor amounts 
greater than 10 percent there «as a more pro- 
nouneed reduction inMrengfh. The effect ot porosity 
on elongation at tract me was found to be similar to 
its effect on strength—up to 5 percent porosity, the 
elongation »as only slightly less than that for a 
sound weld: between S and 10 percent poro.itv. a 
large decrease was reported; and tor amounts 
greater than 10 percent, the elongation at fracture 
decreased only slightly further. In general, it «as 
concluded that the amount of porosity, rather than 
its shape, locution, or distribution, most affected the 
strength and ductility properties of the II steel 
»eldments. 

Lawrence. Uad/iminski. and Kru/ic* reported 
that ultimate tensile strength in II steel »eldments 
»as not appreciably affected until cluster porosity 
exceeded 4 percent. At I percent cluster porosity, the 
uniform strain in utdlawcd specimens was reduced 
front 20 percent to l» percent. A method of multiple 
exposure radiographs to determine flaw size wa» 
(lex eloped. 

PROCEDURE 

Program. I he first phase of the test program con- 
sisted ol studying 12 specimens containing clustered 
porositv. Numerous experimental problems, such as 
specimen warping during »elding, «ere encoun- 
tered. These problems, while not invalidating iht 
«ia'a did cast doubt on its reliability. In the second 
t'Msc. «hich involved the study of'six more speci- 
mens containing clustered porosity, 'he fabrication 
••i.ii testing conditions «ere more carefulK con 
trolled Vtiempts to apply j integral analysis to the 
data "f this phase suggested the need lor J integral 
dala Ironi center-cracked specimens as a basis ot 
comparison. I he final phase of \tud\ consisted ol 
iisimg fixe center-cracked specimens to determine 
ho» well elustered porosity could be- modeled after ;• 
cent er-crack in a plate. 

Materials. I he base metal used «as an AS I M A5I? 
i.i.i. I structural steel. I'SS I-I. The «eld «ire «as 

•\ireo AX KM). The chemical compositions of the base 
and tiller metals are given in Table I. and their 

mechanical properties in Table 2. 

Fabrication. The tensile specimens «ere fabricated 
from b x 10 ft steel plate stock. The plates «ere flame 
cut into 10 x .to in. blanks, and each of these was 
sawed in halt. The sawed edges «ere machined to a 
double-vec 60° bevel as illustrated in Figure I. 
Before «elding, the beveled edges ot the blanks were 
cleaned with acetone to insure oil- and din-free 
welding .i faces. A 100 I pit-heat was used to re- 
move any moisture on the machined surfaces and 
thereby prevent the formation of linear porosity 
along the root pass. 

All «elding «as performed usir>» the gas metal- 
arc ((«MA) Adding process with a., argon-2 percent 
oxygen shielding gas mixture; the «elding param- 
eters are listed in Table 3. The procedure consisted 
of the deposition of two «eld passes, «hieb com- 
pletely tilled one half of the «eld groove. The root 
pass «as then back ground using disc and carbide 
grinders, after which two additional passes were 
placed to complete the »eld deposit. 

I he «eldments containing internal defects were 
producer! similar!) to the sound «elds except that 
the tlo« of the shielding gas «as interrupted during 
the placement of the ;hird pass.5 This created an un- 
stable arc. «hich in turn produced the clustered 
porositv. Interruption «it the gas tlo« was accomp- 
lished using a solenoid-activated valve situated 
between the «elding torch and the shielding gas 
lank: the shielding gas was reduced or turned off for 
varving lengths of time, depending upon the size of 
cluster desired. 

•Vftei welding, the «eld reinforcement «as 
removed by disc grinding, and an initial radiograph 
«as taken to determine the approximate nature and 
VIA ol the porosity cluster produced. Using a 
template and shapc-cu'ting unit, the «elded blanks 
were then flame cut to the test specimen configura- 
tion shown in Figure 2. The flame-cut edges were 
i.led and sanded in the direction of the longitudinal 
axis of the specimen. The specimen faces were then 

*i    \   l.iwrrinc. Jr    J   li   Kart/inunsk:   .md K  W. Kru/ic. 
I '••   tllxl «./ I'i,rt>ut\  «.«  ihi    slulu   Irnulr Hrhiimtr   it Hlgk 
\n<m.tn Sinntuml Su,l Wrldmt *:%,   Technical Rvpml I II t 
i Vi "i -.iC4il in-.« rs;v. .»t lllm.is   W*h. 

'k XX 1 arlvnn I V Lawrence. Jr .md J. H Kjri/imimki. 
Ih> ImnJi; imti I,I Dtsttmlimrttin in Higk Strrngtk Sitvl Wrld- 
««•«.'« I'rclmmarc Kcp»>rt M 2" (Construction Engineering Rr- 
search I a*H«rat«irv |C'FRL|. W2>. 



milled tun and sanded to the same smoothness as the 
edges. 

Fach weidment was first examined by normal 
incidence radiography to determine the extent and 
location of weld delects. Stereo adiograph.. taken 
using the procedure ot Carlson a id Lawrence.6 then 
provided greater understand ng ot* the character ot* 
each delect. 

The center-cracked panels were prepared from 
sound welds (soundness was determined by radiog- 
raphy). A starter notch in the p'ate center of the weld 
/one was drilled and cut according to ASTM recom- 
mended practice (Figure 3).1 Fatigue cracks, using a 
tension-tension cycle of 5 to 115 ksi, were initiated in 
accord with ASTM Standard E399-70T. Growth of 
the fatigue cracks was monitored by a closed-circuit 
television camera with a rectangular grid super- 
imposed for crack measurement. The observed 
external crack lengths 2ae are given in Table 4. 
From 10 to 20 kilocycles at 4 Hz were required to 
propagate the cracks to the desired length. 

Mechanical Testing. The specimens were mounted 
in a bOO.OOO-pound capacity MTS tensile load frame 
and i"«ded directly to fracture at a constant rate of 
crosshead motion (.0.1 in.'mm). All tests were con- 
ducted at room temperature. The deformation 
occurring in a I-inch gage length straddling the weld 
was measured with a linear variable differential 
transformer (LVDT) extensometer attached to the 
center-line ot each specimen. The load and LVDT 
extension signals were recorded throughout the test 
with x-v plotters, and the load and LVDT signals 
were converted from analog DC' to digital signals and 
recorded on magnetic tape. The latter step was pcr- 
tormed to retain a separate permanent record of the 
data, especially if autograpMc plotting errors should 
later be discovered. 

The percent strain was determined as the ratio 
(limes 100) of the measured extension to the gage 
length I he strain and stress a; maximum load were 
termed  the uniform strain. £u. and the ultimate 

"K. W Orison .m.i ! v I ..wrcrvc. Jr.. Tkf tJtUHtttuuian "I 
lh\. •••ntmu:in-\ in Wehli hy SumtraJiogniphv. Icchniul Report 
\! ?4 I'F.RL I«*'?» 

'V. K. Brottn. Jr and J. F.. Sfiwky, "Ftacvuir Toughness 
testing." Fnwtuft Tuu-.hn.-w rrsiutg and /»* ApfUculkms. 
\S|M SIP .V»l (American Society for 'IcMing and Material?. 
I**»4»  n |«M 

(tensile) stress. ou, respectively. The yield stress, oy. 
was determined at 0.2% plastic strain offset. 

Fracture Surface Examination. After testing, the 
ends of the specimen halves were sawed off to permit 
easy measurement of the porosity clusters and 
storage of the fracture surfaces. Each fracture 
surface was examined to determine its nature and 
the actual dimensions of the cluster porosity defect. 
A photograph, roughly 2X. was made of each pair of 
fracture surfaces, as shown (somewhat reduced) in 
Figure 4a. The configuration of the fracture surfaces 
is even better understood when the thickness and 
face views are considered, as in Figures 4b and 4c. 
respectively. 

In the first phase of the test program, the photo- 
graph of each specimen's fracture surface was over- 
laid with a grid and the porous area was determined 
by counting squares. The ratio (times 100) of this 
count to the total number of squares in the entire 
cross section was the percent porosity. In the second 
phase, both the area cf the pores and the area of the 
region enclosing the pores on the fracture surface 
were determined by using a polar planimeter directly 
on the photograph. In the third phase, the fatigue- 
era 'ked area was determined by using a planimeter 
on the photograph of the fracture surface. The mean 
crack length 2a, cited in Table 4. was found by 
dividing the crack area by the specimen width. 

Consider the projection of the fracture surface on 
the plane transverse to the tensile axis, as in Figure 
4a. The porous region intercepted by the fracture 
surface is defined here as the least area, in this plane 
of projection, that contains all the projections of the 
pores visible on the fracture surface. In this region 
the greatest dimension parallel to the weld plane is 
defined as the cluster length {fracture surface). The 
cluster width is the greatest dimension, in this 
region, transverse to the cluster length. Both the 
cluster width and length are transverse to the tensile 
axis. 

Radiographlc Evaluation. The weld quality of 
each specimen was evaluated by using the radio- 
graph of the specimen and military specification 
MIL-R-114b8(ORD). HadiographicInspection. This 
is the controlling accept/ reject document referenced 
in Corps welding guide specifications. Figure 4d 
shows a pre fracture positive radiograph of specimen 
AS 21 in relation to photographs of the fracture 



surface that later passed through the specimen. The 
fracture surface is related further to the pre-fracture 
radiograph in the radiograph of the fracture surfaces 
of the ruptured specimen pieced together, as shown 
in Figure 4c. 

The ptsnMs region intercepted by a ruu-igraph is 
defined here as the least area that contains all the 
visible radiographic images of the pores. ?n this 
region, (he greatest dimension parallel to the weld 
plane is defined as the cluster length (radiographic). 
I his dimension is parallel but not necessarily equal 
to the cluster length (fracture surface). This in- 
equality follows from the fact that a cluster of porosi- 
ties is three-dimensional, of unequal extent among 
the dimensions. Hence the projection of the cluster 
i'i) the radiographic plane is not necessarily the same 
as the projection on any other plane. Moreover, 
through errors of radiographic technique, the radio- 
graphic images (or projections) of some pores may 
not he discernvd. 

O RESULTS 

Fkst Phase. Table 5 gives results of cluster porosity 
tests tor the first phase of the test program. Figure 5 
shows the effect of porosity on the uniform strain. £u. 
The strain decreases from the sound weld value 
rapidly with increasing percent porosity—up to 
ahmu 4 percent—anJ is much less sensitive to larger 
porosities. In Figurer» the ultimate tensile strength. 
Oy. displays a similar dependence on the cluster 
porosity—the rapid decrease in o, beginning at 
about 2 percent porosity. Figure 7 shows that the 
yield strength. Oy. is not strongly affected by percent 
porosity and decreases only slight! as the percent 
porosity increases. Since these T-l steel weldments 
did not have sharp yield points, these yield data are 
somewhat sensitive to the amount of plastic strain 
offset used in their computation. 

Figure H shows the dependence of ou on the length 
ot tin- porous region intercepted by the fracture 
surface, called the cluster length (fracture surface). 
When the cluster length is less ;han three times the 
duster width, observed here to be less than J/I in., 
this width influences o„ heavily and produces some 
scatter in the curve. Above a cluster length (fracture 
surface) of about I in., the scatter in ou decreases 
rapidly as the cluster length increases. Similarly. 
Figure °< shows the dependence of ou on the length of 

the porous region as determined by a radiograph. 
This cluster length information, called cluster length 
(radiograph), is the information an inspector in the 
field would have available for most nondestructive 
weld examinations. This figure shows that Oy 
decreases sharply with cluster length once a cluster 
length of about 1 in. is apparent on a radiograph. 
However, on a statistical basis, it is possible that 
Figures 8 and 9 have insufficient ranges of abscissas 
from which to draw these inferences. 

The foregoing analysis indicates the qualitative 
nature of analyzing welds from radiographic images 
alone, since a single normal incidence radiograph 
cannot provide information on the depth (in the 
plate thickness direction) of a defect. This in turn 
emphasizes the qualitative nature of the accept/ 
reject standards in MIL-R-11468 and in the welding 
codes of professional engineering societies. 

Radiographic inspection of the specimens of this 
phase, in accordance with MIL-R-11468. showed 
that only specimen AS- could be accepted—and 
even then only as "borderline, standard III." This 
judgment «as based on the observation that the 
porosities in this phase most nearly fitted the specifi- 
cation's '"scattered cavities" classification. Specimen 
AS-7 was judged to be most comparable to radio- 
graphic standard CI-3 in the specification. 

Second Phase, fable b gives results of the second 
phase of the test program. In this phase the inde- 
pendcni experimental parameter is the area of the 
l>orcs rather than percent porosity. Figure 10 shows 
the rapid decrease of uniform strain. cu. with pore 
area. Onl> about 0.03 in.2 pore area can be tolerated 
before fu is reduced to less than 5 percent. However, 
up to 0.20 in.2 pore area can be tolerated for which 
fu exceeds .1 percent. Similar results appear in 
Figure 11 tor iu as a function of the area of the 
porous region. This region, the fracture surface pro- 
jection defined in section 2. includes not only the 
pore area. Hit also thi ana of the connecting liga- 
ments between the pore-. If it is assumed that these 
ligaments rupture verj early in the loading of the 
specimen, then the area of the cracked region at 
large loads would be this area enclosing the pores. A 
region about 0.09 in.' causes t^ to drop below 5 per- 
cent, yet up to ().2t> in.2 porous region can be toler- 
ated for which ty exceeds .1 percent. 

Figure ! 2 shows a nearly linear dependence of the 

10 



ultimate tensile strength. ou, on the area of the 
pores. However, the scatter in the dependence of the 
yield stress. ov. is broad, and no attempt has been 
nude to pass a line or curve of correlation through 
those data. It is again clear that a pore area larger 
than about 0.03 in.2 causes a significant reduction in 
tensile properties, while such an area up to about 
0.20 in.2does not reduce o„ below 110 ksi. In Figure 
II. both 0|| and oy are fairly linear!) related to the 
area of the porous region. These tensile properties 
decrease sharply when the y »res are distributed over 
an area up to about 0.09 in.2. However, over 110 ksi 
tensile strength can be maintained with a porous 
area up to 0.2b in.2. 

Figures 14 and 15 show fairly linear dependences 
of o„ (Mi the cluster length (fracture surface) and on 
the cluster length (radiographic). These figures are 
related to Figure 13 in that they pertain to the extent 
of the region having pores. The tensile properties are 
certainly affected for porous regions longer than 
about 0.4 in. or radiographic len^...is larger than 
do in. 

Radiographic inspection of the spec uens of this 
phase in accordance with MIL-R-114(>M showed that 
i»nh specimens AS-22> and AS-2b could be accepted: 
AS-2»» as "'borderline, standard I" and AS-23 as 
"borderline, standard III." Using the classification 
"scattered cavities,*" as d'scussed earlier, specimen 
AS 2«> was judged compilable to radiographic 
standard C'l-2. while specimen AS-23 was judged 
comparable to standard CI-3. All other specimens in 
this phase were unacceptable. 

Third Phase. Tensile data for the cenkr-crackcd 
specimens are presented in Table 7. Figure lb shows 
'hat tu inereases with increasing mean crack length. 
I lie strain here is determined from the displacement 
ol the plate at its center-line. Since the plate can 
open more, axially. when the track is longer, the 
positive slope of the curve in Figure 16 is 
understandab'e. 

In Fiyure 17. the values of o„ are tightly clustered 
about a stress ot ^2 ksi and a mean center-crack 
length ot about I in., with the exception of one 
datum point. I» appears that ou is not very sensitive 
to the length ol center-crack in the specimens 
studied. 

I He euer«;, required to obtain a given deflection 

is shown in Figure 18 as a function of me.tr crack 
length. The larger the crack length, the less energy 
required to achieve a given deflection. 

It is possible to calculate an effective mean crack 
length by adding a term to correct for the stress- 
relaxing effect of the plastically deformed zones at 
each crack tip. This term, called the plastic zone 
ratlins, can be determined from an elastic compli- 
ance relation,6 or from such single terms as the 
strain energy release rate. Ci. or stress intrnsuv 
factor, K.9 The addition of this term to the mean 
crack length would shift all the abscissae of the 
center-crack daia i" Figures 16, 17. 18 and 21. and 
thus the curves in those figures, to slightly larger 
mean crack length values. But. since the plastic zone 
radius is not explicitly dependent on the deflection of 
the specimen, this curve shifting would not vary with 
deflection. Hence the relative positions of the center- 
crack data would remain unchanged. Consequently, 
the results of the foregoing discussion and the con- 
clusions in the next section would not be altered by 
correcting crack-length data for plastic zone radii. 

4 DISCUSSION 

First and Second Phases. As l.gures 6 and 7 
indicate, up to about 2 percent porosity can be toler- 
ated before the tensile properties oecome seriously 
affected. However, ductility is affected above 1 per- 
cent porosity, as shown in Figure 5. Ultimate iensile 
strength appears to be unaffected when the porous* 
region is less than about 0.5 in. long (Figure 8). or 
has an effective radiographic length of less than 1 in. 
tFigure 9). 

The quantitative effect of the pores can be meas- 
ured in terms of their area. Figures 10 and 12 indi- 
cate that pore areas in excess of 0.03 in.2 cause a 
strong reduction in tensile strength, while ductility is 
markedly reduced at this defect size. The quantita- 
tive effect of pore distribution can be measured in 

•R. J Btfcci. P. C. Paris. ' D. Landes, and J. R. Rice. '.' 
Inictral Estimation Procedures. Fracture Toughness, Proceed 
mas ol the 1971 National Symposium on Fractal Mechanics 
Pan II. ASTM STP 514 (American Society for Testing and 
Materials. I<T2). pp 40-60. 

*W. F. Broun, Jr and J. E. Srawley. "Fracture Toughness 
fcsling." Fracture Toughness testing and Its Applications 
ASTM SIP .Wil (American Sociriy for Testing and Materials 
l%$>. pp 111 198. 
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Ivnm of the area of the region occupied by the pores. 
Such an area up lo about ().(W in.2 (Figure 13) causes 
a significant reduction in tensile strength, while 
Figure 11 shows thai I he same area range causes a 
sharp loss ol ductility. I he porons region arc», of 
(MW in.' seems to corrcspoml to a cluster length 
(fracture surface) ol about 0.4 in. (Figure 14). or an 
effect in radiographic length of about O.o in. 
(Figure 15). 

Application of Fracture Mechanics. In a recent 
study,10 fracture mechanics was used to establish, in 
part, a critical si/c of weld defect below which tensile 
properties were unaffected. This was possible 
because (I) the fracture mechanic's parameter used 
—the J integral—approached a constant value with 
increasing delect si/c. and t2) only one defect existed 
within each specimen tested. 

A cluster of pores is not a single defect, however, 
bul an aggregate of defect*. A recent manuscript11 

showed that the metal (oi continuum) bounding 
each p».rc contributes to the total value of the J 
imceja! »is calculated from data pertaining to the 
entire specimen. Hence the total J integral will in- 
crease .is «he boundary of each pore is enlarged in 
the tensile l» si. The final value of the total J integral 
is determined, not by a limiting value characteristic 
oi the material, but by the amount »t delormation 
occurring at tht time the boundary of one pore first 
reaches a critical J value and fracture ensues. Thus it 
would be Itilite in this report to search for a limiting 
s .i t ii*. of the J integral for clusters of porosities, since 
such a limiting \aluc cannot exist. To successfully 
apply the J integral at the current state of the art to 
cluster porosity, it would be necessary to obtain data 
lor the boundary of, or tor material influential on. 
'..Kit pore within the cluster. This is beyond the 
capabilities of current instrumentation. 

Third Phase. The rationale behind the third phase 
ol icsling w; s to establish the center-cracked plate as 
.i model of a cluster porosity in a plate. I» wa* horvH 
that the mathematical treatment o! the center- 
cracked plate in fracture mechanics could be applied 
successfully to cluster porosity. 

I. \    i., umt, )r   .nit I    IV CVk. The '.Heel o; lack «/ 
l\ . • n    Ih mi  nn  the   Stain    lrn\i!<-  Biliaiinr «»/  High 
S- i„th Structural Steel WelJmentv Technical Report tDr.itt) 
• ( IK!.. |-*#"4i. 

•M . M   Honig, if.. Stultiftt O'HHtclivity and ihr J Intrgrul ttf 
I -«. tur. Mechanic*   fevhuKal Mann   npi MHHS «C'FKl . W4!. 

lo establish a correlation between the mechnical 
behavior of a cluster porosity and that of a center 
crack, one must relate the cluster size to the center- 
crack length. This relation may be established if one 
hypothesizes that, for each center-crack length, 
there is a single (or unique) cluster size that has the 
same deflection energy vs deflection relation as that 
center-crack length. In Figure 18. the deflection 
energies vs measured center-crack lengths at each of 
three deflections were plotted for the five cer r- 
cracked specimens from the third test phase, thus 
establishing the three curves shown. (At a fixed 
center-crack length, it is common for the deflection 
energy lo increase with increasing deflection.) 

In the same figure the deflection energy (at that 
deflection) of each ol two specimens from phase one. 
and of six from phase two. was plotted on each of the 
three deflection curves. Si. ce the deflection energy 
vs deflection relations of specimens AS-22 through 
AS-2h were essentially the same, they are repre- 
sented by a single symbol. Moreover, specimens 
AS-4 and AS-1 ruptured before attaining the largest 
and second-largest, respectively, of the three deflec- 
tions. Reference to the abscissa of the figure deter- 
mines the center-crack length equivalent to each 
cluster size at that deflection. 

From the figure, however, as the deflection 
changes, a given cluster size does not maintain con- 
stant equivalent center-crack size Hence cluster size 
is not uniquely related to center-crack length—a 
contradiction of the above hypothesis. But. if a 
cluster could have a constant equivalent center-crack 
size, the load vs deflection curves of the two defects 
wouid have to be identical. This identity ras not 
observed in this study, it is thus concluded that the 
center-cracked plate is not a complete, or perfect, 
model ol a cluster porosity tor fracture mechanics 
purposes. 

Despite the failure ol ihe center-cracked plate as 
i 4cn -rai mo«'» I ol clusu.c! , or>is";tv. H is possible to 

derive sonic J integral in' »rmation from the center 
cracked specimens themselves, in the study by 
Lawrence ano Cox12 it is shown that, at any given 
deflection. .V »he ! integral.  Jtrit.  is given as an 

WK. V. Lawrence J« and I P. (V\ Ihr Effect <>\ lack uj 
HiH.iraii'ut Dch-cts mi the Static Imuh? Behavmr .»/ High- 
Strength Structural'Steel Weldmenti. Ir.-hmcil Kcport (Dram 
rtVEM   i°74» 
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energy per net cross-sectional area by 

[2E(d)-P(dW] ,,,   , HÖ)- Bh [hql 

»here 
F(d) = iota! deflection energy at d. 
I'(d) = load at d. 
B     = specimen thickness. 
b     = sum of ligaments in plane of crack. 

I he deflection energy E(d) can be determined by 
mechanically integrating with a polar planimeter 
over the load-deflection curve to the deflection d. 
Values of J(d) are plotted against d in Figure 19. 
Calculations of J were terminated at deflections at 
w hich the specimens were judged to be in a state of 
plane stress. The calculated values apply to a pre- 
sumed state of ,)lane strain. The trend is for smaller 
crack sizes (shown in parentheses beside their 
curves) to rcqirre larger J values to obtain the same 
deflection. The close grouping of four of the curves 
suggests a low sensitivitv of the J integral to crack 
si/e in that range of crack sizes. 

Lawrence and Cox found 'hat a nearly linear 
con elation exists between the J integral value at 
maximum load. JM=J<^max,> aml tne Product 
°im max <Wix- Hcrt' <W\ is the deflection at 
maximum load and onc( max is the stress, based on 
the net cross section, at maximum load. Similar 
computations were performed in the present study 
and arc presented in Figure 20. Here a nearly linear 
relation exists for J|^ >G |CBM- the crack-opening 
(I* mode linear elastic energy release rate per unit 
crack extension foi a free-running crack in the base 
metal. The one datum point not obeving this linear 
relation still lies quite close to G |tßM = '•• ksi-in. 
•estimated from t'.S. Steel data 1J). This supports 
•he assert ion of Lawrence and Cox ihat J^ has a 
lowe" limiting tor average) value and that such a 
\alue for the weld met?I lies close to the critical G| in 
the base metal. However, the strength of this cor- 
poration is ieduced bv examining Figure 21. There 
are   two   crack   sizes   near   1    inch   for   which 
•*M "''-**-» IcBM •   Cra**   'engths   both   above   and 
below 1 inch have J^ values near G |CBM• This con- 

'S    ;    Holle ami S.  K   Novak. .Won-Arm.' A'/,   Truing of 
Mi-Jium Sirengih   High It-ughness Steels,   technical   Report 
MOIH-IMrtill ll    S. SKI l<.up.  t*."). 

flicts with the assertion of Lawrence and Cox that JJ^J 

rises far above G jcBM on'y when the crack size is 
too small for valid J measurements. In the present 
ease, the conflict could be resolved if the effective 
critical crack sizes of specimens CC-1 and CC-4 were 
far larger, possibly on the order of 2 in. Moreover, 
comparison of these fatigue-induced crack data to 
the lack-of-penetration data of Lawrence and Cox 
may not be justified. The two anomalously high 
values of J^ have not been reconciled. 

Effect of Experimental Results and Construc- 
tion Design Criteria on Weld Specifications. 
Broadly speaking, there are two construction design 
philosophies, or criteria, commonly in u«;c. The older 
criterion is "working stress design." in which only 
elastic strains are permitted in the structure. This 
design criterion is thus quite conservative, since only 
very small deflections are permitted. The new 
criterion is "limit design" in which (not accounting 
for factors of safety) the structure is allowed to be 
loaded lo the yield point as long as a large amount of 
ductility can be obtained. Consequently, this design 
criterion is far less conservative than the older one. 
Although these criteria are actually not nearly as 
simple as stated, these statements do show the rough 
distinctions between the two design philosophies. 

Welding codes do not explicitly state which of the 
above criteria are reflected in weld specifications. 
The AWS Structural Welding Code D 1.1-72. in dis- 
cussing the permissible weld design stresses of new 
buildings and bridges, states that "the permissible 
stresses . . . for complete joint penetration groove 
welds . . . shall be those allowed for the same kind 
of stress for the base metal" and that "the base 
metal stresses shall be those specified in the applica- 
ble Building Code"14 such as the codes of AISC u.id 
AASHTO. The AISC code, section 1.5.1.1." states 
that the allowable tensile stresses in structural steel 
may be as large as O.b ovm (except at pin holes) but 
not greater than 0.5 oum. where Oym and Oum are 
the minimum values of the yiefd and ultimate 
strengths, respectively, for the grade of steel of 
interest. The AISC commentary on the code states 
that the basic working stress factor of safety is 5/3 

14AWS Structural Welding Cod*. AWS DI.1-72 (American 
Wrtdinn Society. 19721. pp 80. Kt>. 

'VY/Ni-tfcuffOM fiir the Design. Fuhricution. und Erection <>t 
Sirmiurul Steel for Buildings (American Institute of Steel Con- 
struction. 1%»»». pp 5 If. 
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fcith respect toovm and that, at the net section of 
axially loaded members, the factor of safety is 2 with 
respect to oum." The AASHTO code for bridges 
states that the design stress tor axial tension in 
members without hol<s is 0.55 ovm.17 

from (he Steel Design Manual. oym = 100 ksi 
ami ollm = 115 ksi for II A514 Grade V steel in the 
si/e tested in this program.111 for the AISC code, the 
safety factor must be 2 and the design stress 57.5 ksi. 
for the AASHTO code, the design stress must be 55 
ksi. It these codes were applied to the data of phase 
two. the respective design stresses would drop only 
by about 5 ksi—to 54 ksi and 50 ksi. respectively, 
iliis suggests that, tor welding codes based on work- 
ing stress design, cluster porosity in the extent 
studied here may not significantly degrade the 
quality of weldments under axial tension. Thus, in 
these cases, relaxation ol cluster porosity restrictions 
in welding oxtes may he considered. 

This concept is supported by the results of the 
weld quality evaluation performed in this study in 
accordance with Mil.-R-l 1468. This specifieatior 
condemns all hut three of the welds in this study— 
yet Figure 6 shows ten welds having ultimate 
strengths in excess of 120 ksi. and Figures 12 and 13 
show five welds with ultimate strengths exceeding 
lid ksi. It is quite plausible that these 15 welds 
would have sufficed for a static tensile load in a 
working stress design. Rejection of these welds for 
such an application probably would accomplish 
nothing but increased project costs. Less stringent 
radi.-graphic standards might thus be beneficial. 

However, as Figures 5. 10 and 11 show, a marked 
reduction in ductility of weldments occurs when even 
small amounts of jwrosity are introduced. This 
implies that relaxation of welding codes l> ised on 
limit design concepts would be undesirable, since the 
diie'iility required in that design is lost in porous 
weldments. One example of such a limit design 
application is found in Section III of th«'   \*MF 

'*( '•u<i'hiniur\ mi the SiHVifi itiun U"ike Design. FahniuiKin. 

.   'It,. :•< i,., SinnlurulSh-t I '••• HuilJin^ - Vntcrkaii Instttuiv 
i v., i ' .instruction. I1*»'", pp ? \22 

'\hinii.ini   \/>i .ith:iin»i•>   ' "•   Highway  Bndgn    Ihh   e«J. 
i.1. i u "«  Awx-'.iiion ol State Hitih'v.n  and Transport ali'-i 

i Mi M!-.   il'";-   i» 112. 
• V/<.. /•. -in-' Manual «I titled '•• aes Sieel. I1*»*). ;i 12 

Boiler and Pressure Vessel Code.19 In this code, the 
algebraic difference between the largest and smallest 
principal stresses is defined as the stress intensity. S. 
For a given material, the largest S permitted is 
denoted Sm, and is usually o|lm 3. In the code 
requirements for Class I components operating 
under normal and upset condition«, some combined 
loading cases allow a peak stress intensity of 3 Sm, 
which is essentially the yield strength value. It is 
evident that no reduction in ductility or tensile 
strength could be tolerated in such a critical design. 

Strict application of radiographic specification 
MIL-R 11468 in this study eliminated all but the 
most ductile welds. Such rejection would be essential 
to the proper implementation of a limit design. 
Thus, a reduction in the quali' of radiographic 
standards would not be beneficial in a limit design. 

5 SUMMARY 

Conclusions 

I There is a combination ot pore si/.e (in terms 
of iota! area of pores) md distribution of porosity 'in 
terms of area encompassed bv pores, i e , ihe area ot 
the porous region) «hat is critical in the sense that the 
tensile strength is not degraded until that pore size 
or porosity distribution is surpassed. In this stud) 
Ihe «ritual pore area is aboul 0.03 in. and the 
critical area of the porous region is about O.Ov in.\ 

2. There is a similar comb nation of pore si/e 
and distribution ol porosity that is critical in that the 
ductility tas measured by tu) js sharply degraded 
until that pore si/e or porosity distribution is sur- 
passed: beyond I he critical point ihe rate of degrada- 
non is reduced In this stiuU tin. critical port area is 
about 0.03 in. ami the critical area ol the ponius 
region is about 0.0^ in. 

'   Th« re is at   ••!' ';  ':<'.;i.i;>hk   kt'gtb ot 
s.luster porovily associated with »he critical combina- 
tions in Conclusions i and 2. I*' 'his study, the 
tensile strength was unaffected lor radiographic 
lengths less than U.o in., while the ductility dropped 
sharply until that length \»as reached 

"'Nuclear Power ( •• ipoiicitts * 4S*// R<>il, • und SWiSure 
\t VMV ('<•</«• Section ill. Subsections sA xnA NB lAnu-ncati 

S-vkiv . t Mvslur.ical Krvmecrs. |i"4. 
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4. A critical size, or other measure, of cluster 
porosity cannot be predicted by the J integral of frac- 
ture mechanics at the current state-ol the-art 

ingthe marked reduction in ductility with increasing 
porosity, relaxation of weld specifications based on 
limit design criteria should not be considered. 

5. Cluster porosity size, either in terms of area of 
pores or of area of the porous region, can be corre- 
lated with center-crack length on a deflection-energy 
basis, but a given cluster cannot be said to have a 
unique equivalent center-crack length. 

r». In view of the relation of tensile strength to 
critical duster porosity size, relaxation of weld 
inspection specifications may be possible for certain 
applications if the specification is based on working 
stress structural design criteria. However, consider- 

FutureWork. The AWS. AISi . and AASHIO 
codes contain specifications for the shear of weld 
ments that are distinct from those for the tension of 
weldments. Data on the shear of weldments contain 
ing cluster porosity should be acquired to determine 
the extent of degradation of the yield and ultimate 
shear stresses and uniform shear strain. This will tesi 
I he question of whether working stress design may be 
unnecessarily conservative in shear as well as in 
tension of weldments. 

Table 1 

Chemical Composition of Bas* Metal «ad Welding Electrode 

Manufacturer 

IX Signalton 
Plat* Thk'knvvt 
I kvtmdc l-pc 

Base Metal* 

l'S Steel C«rpor.itum 

Welding Electrode** 

Air Reduction Co.. In* 

II 

* 4 in 
\uioAXHO 

1   In in. narr *ire 

Klemmt 

( 
Mn 

P 
S 
s. 
Ni 

Cr 
M« 
V 
Al 
I. 
/r 
B 
Cu 

Chemical Composition. % 

15 
v. 

t»2" 
2" 

.40 
>^ 
4: 
tit. 

.oni; 
21 

IMJM4 

1 S4 
u.aan 
um» 
0.45 
24X 
i> l>4w 

ti 4H 

IMttlH 

n (MM 
ii («!"•< 

MIIU 

't>.iij tr.«m independent analysis 
M).ii.» iipplmi in manulacturer 
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Table 2 

Tenille Properties of Baae Metal and Weld 

Properties Base Metal* Weld" 

I ensile Strength, ksi 
> icld .strength, ksi 
i Inngalion at Fracture. "'•> 
Reduction in Atta, " 

120.« 
11.1 I 

IhOin 2.0 in. 
ofc.4 

I4().() 
I2h? 
504 in h in. 

*Prn|)cnicM)| base metal provided by manufacturer 

••Average <>t ihre- specimens taken from utld metal Uroni F. V  Lawrence. Jr. and 
F.. I'. Cos. Thi' Etlivml I in k nf Pimtraiiim Uetrxis tm /.*•«• Stufte frnmte Behuiiur 

"l Hifih Sirvngth Structural  .>.•/ Wcldtnmts    technical Report I Draft) tC'IiRL. 
l*T4i. 

Table 3 

Welding Parameter« 

V ollitKr. 

\ 
Current. 

amp« 

Tra»el 
Speed, 
in. min 

Interpa» and 
Preheat Temp. 

r 

Heat 
Input. 
U/in. 

Shielding 
</«s Comp. 

.7 24 .Wn -.lot) II ?(»• 41 w< A: JO, 

I able J 

Crack Irngthasf €'rnter-Cr«ckedSpecimen« 

Desijmatkm Mean Length L'siernal length 
-'»in <af ija.i 

( (  1 O.Nn it "•* 

IX 2 1 (IX 0."* 
(( .1 1 0" u * 
( (   4 it " V "«» 

(<   > 1 1* 1 24 
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TablcS 

Results of Cluster Porotlt} Tests. First Phase 

Keimen Puroalt} Ultimate Yield Uniform Reduction Cluster Cluster Cluster Cluster 

«umber r''.i Tensile Strew, Strain. in Area Length Width*» Length Width 

Strength "'   (kill 

(1.2% 
V'o> Co) Radiographic) i Radiographic) (Fracture (Fracture 

tiu<kal) iln.) lh».. Surface) Surface) 

offset) (In.) (In.) 

SI () 1241.4 122.5 5.ft.1 142 i) 0 0 0 

(N2 (i 1.1.1.8 12.1.2 •3. "5* » 0 0 0 0 

AS 1 10. .w 1144 119.4 0.1» 1 .1 1 1.33 0.3* 1.38 0.32 

AS: «1 "9 120.9 120.9 0.45 2 ,N 1.40 0.40 1.30 0.2* 

AS4 .UJB 130" 125.1 1.52 44 II1» 0..13 0.H0 0 2ft 

AS5 3.94 122.0 122.0 0.5.1 4 2 1.42 0.1ft 1.16 0.20 

AS-h .1.20 124.3 120.1 1 4M 5.1 1.0.1 0.31 0.92 0.20 

AS" 1.15 HI 1 12.1." 1.84 4.5 0.91 0.33 0.50 0 20 

AS-h 4.0b 123 9 122«» 0.7.1 4.2 1.02 0.32 0.8ft 0.341 

ASM .1.7o 1222 II«. 1 12ft 4.5 0.98 o..c OöO 0.30 

AS Hi 5.8.1 122.3 121.2 0.-M 1.4 l.lft n i.i 0.9ft 0.30 

AS II 4.70 125." 1224 0 93 .1.5 i.r 0.43 1.0« 0.24 

AS 12 5 5* 122.3 121." 11.51 .1.3 1.0" 0 34 1.08 0.30 

*lxtensometer capacity exceeded b* ext nsion at maximum load 
•* i his is «reatesi dimension perpendicular t<>cluster length Inidiograpmii i« the radiographic plane 

Table 6 

Results of Cluster Porosilx Tests Second Phase 

Specimen Area of Ultimate Yield Uniform Reduction Cluster Cluster Cluster Cluster 

Number Pores Tensile Stress. Strain. in Area Width** Length Length Width 
(in.2) Strength '')iksl> »„•"•.• i'"»» i Radiographic; (Radiogriiphici (Fracture (Fracture 

"uiksi> <o.2B;. 
offset i 

In. On.' Sur/ace) 

im.' 

Surface 

(In.) 

AS2I (>2h4 I0-.5 94.1 2.03 4 02 0 40 I..1.1 1.29 0 «1 

\S22 ii 194 1.1 1 Mh.f, .1.81 4 >| 043 1 it) 0 84 0..1I 

AS-23 0 124 114». Ml 1 1 53 4(12 • O.HI 041 o 22 
\S 24 0.122 ill 1 92.9 »49 II H" 041 1 00 0.02 0.27 

VS25 »i.r II Vh 95 3 4 2" 102 0.40 0 "5 0~" 031 
AS 2». 0.0.10 in 9- 1 4.Mi 1 2» 0.18 i.."0 0.0.1 o 22 

•I invar |vrnsii\ (spin cluster! 

** I his is greatest dimension perpendicular m«.luster length I radiograph's'i in the radiograph ic plane, 

"I able 7 

Results of Center-Cracked Plate Tests 

Specimen Ultimate Tensile I nifarm Strain. Reduction in 

Number Strength.'' „ ksii ..-..» Areal »1 

(C 1 92.5 1.8.1 H."2 

CC 2 944 .In.» 9 19 

('   .< 91 3 2."M 12.95 

((4 90.0 1 2" 8.T2 

CC5 "2.4 2 IH 12 03 

r 
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Figure 3. Fatigue crack starter lor center crack plate specimens. 
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